X-ray Diodes (XRDs) are currently used for spectroscopic measurements, measuring X-ray flux, and estimating spectral shape of the VUV to soft X-ray spectrum. A niche exists for an inexpensive, robust X-ray diode that can be used for experiments in hostile environments on multiple platforms, including explosively driven experiments that have the potential for destroying the diode during the experiment. A multiple channel stacked filtered array was developed with a small field of view where a wider parallel array could not be used, but filtered channels for energies lower than 1000 eV were too fragile to deploy under normal conditions. To achieve both the robustness and the required low-energy detection ability, we designed a small low-energy mirrored channel with a spectral sensitivity from 30 to 1000 eV. The stacked MiniXRD X-ray diode system design incorporates the mirrored low-energy channel on the front of the stacked filtered channels to allow the system to work within a small field of view. We will present results that demonstrate this is a promising solution for low-energy spectrum measurements.
INTRODUCTION
X-ray diodes (XRDs) and XRD arrays are compact diode systems capable of measuring the X-ray spectrum from 10 eV to 10 keV. They can be used for a broad range of applications as spectroscopic survey diagnostics, from estimating spectral shape to monitoring X-ray flux. This is accomplished by the absorption of X-rays onto a cathode, creating electrons through secondary emission. These electrons are then accelerated across an anode cathode gap, generating a measurable photocurrent. The X-ray intensity is proportional to the photocurrent.
Commercial XRD systems can be deployed on various experiments but are limited to manufacturer specifications. They tend to be expensive, not suitable for harsh environment, and set in a parallel array format for a wide field of view. Other customizable XRD systems, like the multichannel Dante spectrometer used at the National Ignition Facility and at the Omega Laboratory for Laser Energetics, tend to be very large and expensive. These systems are designed as facility diagnostics and must be maintained in those facilities.
A stacked, filtered multi-channel X-ray diode array was developed at NSTec/Livermore Operations (LO) as a low cost, robust diode array to be used on experiments in hostile environments, for explosively driven experiments that may potentially destroy the diodes, and is flexible enough to be used on multiple platforms. The stacked filter channel was developed for uses that typically require a small foot print with a single line of sight application where a parallel array would not be applicable.
XRDs typically use a coated filter to block low energy X-rays, thus creating a high pass filter. The thickness of the material, as well as the material itself, will affect the high pass photon energy set point. The photon energy set point can be defined as the minimum photon energy required that will transmit through the filter. A series of XRDs, where each XRD has a filter with different coating, either by varying the thickness of the material or using a different material, will create a different X-ray energy band pass for each channel of the XRD. In a series array, XRDs are stacked. Therefore filters from all channels located in front of the XRD would combine to make thicker and thicker filters moving down the stacked channel. This allows low energy X-rays to be collected at the front of the stacked array, where the filters are thinner, while the higher energy X-rays are collected further down the stacked array as the filters get thicker. In Figure 1 , channel 5, in front of the XRD series array, would have the least overall attenuation, allowing for detection of low energy X-rays. Moving down the stack from channel 4 to 1, the attenuation from each channel filter adds, blocking more low energy X-rays and allowing only higher and higher energy X-rays to pass to the XRD. This design creates a high pass filter with different photon energy set points for each channel, effectively making a low resolution X-ray spectrometer from 30 eV to 10 keV. The mirrored low energy channel was designed for detecting photon energies less than 1 keV. Early experiments with the filter channel proved that filters designed to block photon energies less than 1 keV are too fragile and would not survive experiments. To resolve this limitation and to design a system that could effectively measure energies from 30 eV to 1 keV, we proposed to design, build, and test an XRD that would use a mirrored channel and would reflect low energy X-rays, at grazing incidence, to our XRD while absorbing higher energy X-rays.
CONCEPTS OF MIRRORED LOW ENERGY CHANNEL X-ray reflection
Total External Reflection (TER) occurs when X-rays enter matter under a grazing incidence. Therefore X-rays incident on a smooth metallic surface such as a polished mirror at grazing angles will be reflected. The refection is non-dispersive and therefore the mirror could be used to focus X-rays over a broad energy band, which is limited only by the critical angle.
Critical angle
We know from Snell's law the refraction of X-rays through matter is given by: where α 1 is the angle of the incoming ray normal to the surface, α 2 is the angle of the refracted ray normal to the surface and n 1 is the refractive index of the medium through which the ray is traveling, and n 2 is the refractive index of the matter. Therefor the critical angle normal to the surface is given by ) arcsin( 2 n c = α (2) We can also define the critical angle by the "grazing angle," which is the angle between the incident X-rays and the surface mirror as Where δ real part and iβ is the imaginary part of the index of refraction, λ is the wavelength or photon energy of the X-ray, r e is the classical electron radius, f 1 is the real part of the atomic scattering factor, and f 2 is the imaginary part of the atomic scattering factor. We can rewrite the critical angle as In this form we can see that the critical angle is dependent on the wavelength, photon energy, and the atomic scattering factor that is material dependent. Therefore a polished mirror placed at different critical angles, with all other properties remaining constant, would affect the high photon energy threshold. The critical angle will set the photon energy at which all energy below would be reflected by the mirror while all photon energy above would be refracted or absorbed into the mirror.
Roughness
The surface roughness causes diffuse (non-specular) scattering and subsequently reduces the magnitude of the specular reflectivity. The roughness reduces the reflective amplitude, and therefore a Debye-Waller damping factor describing its influence can be introduced. Where R i is the reflectivity from a smooth surface, k 1 is the wave vector, and σ is the standard deviation of the roughness.
CONCEPTUAL DESIGN AND MODELS

Reflectivity model
Before designing the mirrored channel the parameters of the mirror need to be defined. As shown above, the photon energy at which all energy below would be reflected and all energy above would be absorbed is defined by the material, critical angle, and roughness. Using the Center for X-ray Optics (CXRO) database for the reflectivity of a thick mirror, the mirror can be designed with a set of parameters for material, roughness, and critical angle. Figure 2 plots reflectivity as a function of photon energy (eV) of silver (Ag), copper (Cu), and nickel (Ni), with a roughness or 2 nm and a critical angle of 2º. This demonstrates the high energy cut off, which is defined as the photon energy when the reflectivity approaches 0%. For Ag, Cu, and Ni this high energy cut off region starts around 2000 eV. This demonstrates the mirror can be modeled with a set material and roughness. A channel can be designed that will act as a low pass filter, and the critical angle will act a threshold, or a limit to the photon energy that is reflected. Using the CXRO database to model the reflectivity of our mirrored channel the conceptual mirrored channel design can be iterated, and thus designed for specific photon energy ranges by adjusting the critical angle, roughness, and material. 
Mirror responsivity model
Using the previously discussed reflectivity models we can apply them to a known aluminum (Al) cathode responsivity, creating a model that simulates the responsivity of the mirrored channel with the cathode. This model is shown in Figure  4 . The reflectivity of a Cu cathode with a 2º critical angle and 2 nm roughness was mapped onto the responsivity of an Al cathode. This model can then be used when comparing experimental data from various mirror response tests to predicted models.
Figure 4. 2º Cu mirrored channel responsivity
Conceptual design for mirrored low energy channel
Once these various models are complete, a prototype mirrored channel can be designed by first defining the high energy threshold of our channel, iterating through the models until the desired critical angle is achieved for that threshold. The design must incorporate existing design constraints for the stacked filter MiniXRD. Therefore the mirrored channel would be part of the stacked design, fit roughly into the same footprint, and utilize the same line of sight. We can assume an X-ray point source for the design, and the mirrored channel is placed at some larger distance away from the source. Using a small aperture, a slit, at the front of the mirrored channel, we can assume that the divergence of the X-rays after the slit is small. Therefore, for design purposes the X-rays that pass through the small slit will be normal to the slit aperture, effectively making them parallel to the housing. Therefore the critical angle reference to the housing can be designed. All X-rays entering the mirrored channel from the slit will be incident on the mirror at the defined critical angle. Photon energies less than that defined by the critical angle will reflect through the anode aperture onto the cathode while the higher energy X-ray will be absorbed into the mirror. The low energy X-rays that strike the cathode will create electrons through secondary emission. The electrons will be accelerated across the anode cathode gap, creating a measureable photocurrent. The signal could be read out on an oscilloscope or other current or voltage meter.
To incorporate this design into the stacked assembly, the mirrored channel is positioned off center. This will allow usable X-rays to pass the mirrored channel to the following filter channels without any attenuation. Due to the size and position of the channel, this would only affect the critical angle by less than 1/10 of a degree which is within our error tolerance for the prototype design. Figure 5 illustrates this design.
Mirror
Reflected X -rays Incoming X -rays Electron Emission Since the mirrored channel will be used to collect low energy X-rays, the channel must be positioned at the front of the stacked assembly, closest to the X-ray source, since the filters further down the stack would attenuate the signal and block low energy X-rays.
Depending on the critical angle of the mirror, and since the aperture length is held constant, the length of the mirror will vary, dependent only on the critical angle. The mirror length will determine the overall length of the mirrored channel. After modeling the mirror reflectivity it was determined that the minimum critical angle of the mirror would be 1.5º with a maximum of 5º. The minimum critical angle will determine the maximum length of the mirror and mirrored channel.
The critical angle will also determine the location of the aperture in the anode. This dimension actually sets the maximum limit on the critical angle in the present configuration and provides the minimum length requirement for the mirrored channel, which takes the space of two of the existing MiniXRD filter channels. This would change the 5 stack filter channel array, without a mirror low energy channel, to a 4 stack array with a mirrored low energy channel (one low energy channel and three filter channels). A separate mirrored channel design was proposed that would adjust the angle of the anode and cathode, allowing for critical angles up to 10º. However, only the initial design was built and tested.
EXPERIMENTAL TESTING Henke roughness/reflectivity test
Until now the assumption has been that the mirror had some roughness that was defined to be 2 nm. Initial models did reveal that the roughness of the mirror greatly affects the reflectivity. Most of the mirrors designed for this system are custom made. A defined process for coating the mirror and measuring the roughness was needed. Since the surface roughness of the mirror will vary depending on the process in which the material was being deposited on the substrate, a series of experiments to test the surface roughness of the mirror for various coating techniques was developed.
Vapor deposition and sputter machines at NSTec/LO were used to coat mirror samples, as well as perform commercial electroplating. Early scans with a scanning electron microscope showed that the electroplating at the e-beam vapor deposition were too rough. The sputter machine seemed to provide the best overall smoothness.
Using a Henke X-ray source illustrated in Figure 6 we designed experiments to measure the reflectivity of our mirrors. Figure 6 is a diagram of the source setup. X-rays are produced from the anode. The X-ray beam passes through slits to collimate the beam, and the X-rays are incident on a monochromator. The X-ray K-alpha emission line is then reflected onto our sample. The X-rays are then reflected onto an Amptek detector. The angle of our sample can be varied, and a reflectivity curve plotted that was based on different critical angles, as shown in Figure 7 . While various other materials were tested the data shown here is only a subset. Figure 7 is the data we collected for Silver (Ag), Nickel (Ni), and Molybdenum (Mo) using this method. Using this data and the modeled data from the CXRO data base the modeled and experimental data are plotted together, with the roughness varying until a reasonable fit can be achieved. The modeled surface roughness was found to be 4.0 nm for Ag, 1.7 nm for Ni, and 2.0 nm for Mo. After a series of tests, the surface roughness for the various mirror material was identified. This data was fed back into the reflectivity and responsivity models. Again the reflectivity model is used to determine the critical angle for the design of our prototype mirrored channel XRD. The responsivity models will be used to verify our experimental data.
Brookhaven National Laboratory responsivity test
A series of tests was conducted at the National Synchrotron Light Source I (NSLS I) at Brookhaven National Laboratory (BNL). These tests focused on the alignment of the MiniXRD housing in the prototype alignment mount, alignment of MiniXRD stack array with external housing, verification that the X-ray beam was parallel to the MiniXRD housing, testing with high voltage, aluminum cathode responsivity testing, and mirrored channel responsivity testing. These experiments were carried out at both the U3c and the X8a X-ray beamlines. Figure 8 is a picture of the experimental setup at the U3c beamline. The design of the prototype mirrored channel set the critical angle of the channel to 2º. Additional channels were created at 1.5º and 5º. However, due to time constraints only the 2º channel was tested. To ensure that the X-ray beam strikes the surface of the mirror at the critical angle, proper alignment of the mirrored low energy MiniXRD channel needed to be completed. The mirror was indexed to the MiniXRD housing, ensuring that it was parallel with the housing. It was also indexed to the aperture, ensuring that the slit was normal to the housing. This ensured that the mirror was 2º off normal from the aperture and that the aperture was normal to the MiniXRD housing. Using an aperture located in the end station of the beam line and another aperture located at the end of the MiniXRD stack, along with a phosphor screen, we adjusted the MiniXRD housing until the X-ray beam passed through both the front and the back apertures. This ensured that the X-ray beam is co-linear with the external housing. Once alignment is complete, the alignment stack is removed from the external housing and our test MiniXRD is loaded into it. Figure 9 is a block diagram of the test setup. Both electrometers are hooked up in unguarded mode, using a BNC to TRIAX adapter that connects the two shielded rings of the TRIAX to the single shield of the BNC. High voltage was supplied to the MiniXRD from a Stanford High Voltage Power supply. is used to adjust the photon energy. The calibrated monitoring photodiode is used to measure the flux at discrete photon energy. When the monitor diode is retracted, the X-ray beam is incident onto our XRD systems.
First the MiniXRD is loaded without the mirrored channel. This provides a baseline cathode response. The monitor diode is retracted and the X-ray beam hits the cathode creating a measurable photocurrent. This signal is monitored for each discrete photon energy. Using this along with the flux measured from the monitor photodiode, the responsivity versus photon energy of the cathode can be determined.
Once the cathode responsivity is complete, the mirrored channel is loaded into the stack. Again the mirrored channel is indexed to both the aperture and the MiniXRD housing to ensure that the mirror sits at a 2º critical angle to the incident X-ray beam. Responsivity versus photon energy is collected. This time the X-ray beam grazes the mirror before low energy X-ray is reflected onto the cathode.
RESULTS AND DISCUSSION
The responsivity collected from BNL at the U3c and X8a beamlines is shown in Figure 10 . The solid line represents the aluminum cathode response, the dashed line is the data collected at BNL for the prototype 2° Cu mirrored channel. The model response is plotted for a 2° Cu mirror (dotted line), and a 1° Cu mirror (dashed dot dashed line) is plotted with the data. The model is based on data from the CRXO database. The responsivity spectrum for the cathode shows four unique features: the K-alpha absorption and emission lines of carbon at 277 and 284 eV, and the K-alpha absorption and emission lines of oxygen at 525 and 543 eV. These are caused by carbon and oxygen contaminants in (or on) the cathode. These regions are selected for their good signal-to-noise ratio, the presence of multiple data points within regions, and characteristic emission line, which is notable by the step up or down in the responsivity curves that are characteristic of a known material. There is also the distinct low energy cut off for the Cu mirror at around 920 eV. Using these regions of interest we can compare the data collected from BNL to the modeled response that is predicted using the CXRO database and the aluminum cathode response.
Comparing the region around 277 and 284 eV we find that the data collected at BNL for the 2° Cu mirrored channel falls below the aluminum cathode as predicted, and below the modeled 1°, but above the 2°. After the absorption line the data seems to match well with the modeled 2° response. This trend seems to continue to just after 500 eV and points to a critical angle of 2°.
In the region around 525 and 543 eV we find that the data collected at BNL on the 2° Cu mirrored channel follows the modeled 2° mirrored channel. However after the absorption line, around 575 eV, the data seems to fall below that of the aluminum cathode and the modeled 1° but above the 2°. This points to a critical angle less than 2° but not less than 1°. Now comparing the high energy threshold at 920 eV of the copper mirror we find rapid decrease in the response at 920 eV range. The data collected at BNL on the 2° Cu mirrored channel plotted in Figure 10 falls below the modeled responsivity plotted for the 1° mirrored channel and above the 2° mirrored channel. After the high energy threshold, the data collected at BNL on the 2° Cu mirrored channel falls below that of the aluminum cathode but above both the 1° and 2° models. Figure 11 . Ni mirror responsivity Figure 11 illustrates the data collected from BNL on responsivity for a nickel mirror with a critical angle set at 2°. The solid line represents the aluminum cathode response, the dashed line is the data collected at BNL for the prototype 2° Ni mirror. The model response is plotted for a 2° Ni mirror (dotted line), and a 1° Ni mirror (dashed dot dashed line), is plotted with the data. The predicted model is based on data from CRXO.
Unfortunately we were not able to measure the responsivity of the Ni mirror for photon energies from 1000 to 2100 eV. However, the MiniXRD modeling software seems to be in line with the experimental values as seen above and based on the models calculated from the CXRO website and the MiniXRD software program.
Again the responsivity spectrum for the cathode shows four unique features: the K-alpha absorption and emission lines of carbon at 277 and 284 eV, the K-alpha absorption and emission lines of oxygen at 525 and 543 eV. These regions are selected for their good signal to noise ratio, multiple data points within regions, and characteristic emission lines. We also have the distinct low energy cut off for the Ni mirror around 830 eV. Using these regions of interest the data collected from BNL can be compared to the modeled response that is predicted using the CXRO database and of aluminum cathode responsivity.
In comparing the region around 277 and 284 eV the data collected at BNL on the 2° Ni mirrored channel plotted in Figure 11 falls below the modeled responsivity plotted for the 1° mirrored channel and above the 2° mirrored channel. After the absorption line, the data seems to correlate well with the modeled 2° response. This trend seems to continue to just after 500 eV and points to a critical angle of 2°.
In the region around 525 and 543 eV the data collected at BNL on the 2° Ni mirrored channel follows the modeled 2° mirrored channel. However, after the absorption line at around 575 eV, the data plotted in Figure 11 falls below the modeled 1º responsivity but above the 2º responsivity. This points to a critical angle less than 2° but not less than 1°. Now comparing the low energy cut off region at 830eV of the Ni mirror, there is a rapid decrease in the response at the 830 eV range. The data collected at BNL on the 2° Ni mirrored channel plotted in Figure 11 falls below the modeled 1º responsivity and above the 2º responsivity. After the high energy threshold, the data collected at BNL on the 2° Ni mirrored channel falls below that of the aluminum cathode but above both the modeled 1° and 2°.
Both data sets seem to confirm that the Cu and Ni 2° mirrored channel designs seem to follow the 2° model up to 575 eV. From 575 eV to the high energy threshold, either 830 or 920 eV, the data seem to diverge from the 2° model and fits somewhere between the 1° and 2° models. Based on the high response after the high energy threshold, and the response at the first two regions of interest, and then comparing that with the modeled responsivity, the critical angle can be
